Highlights d Kiss1 ARH neurons are necessary for the circadian alignment of feeding in mice d Toxin-induced silencing of Kiss1 ARH neurons disrupts circadian rhythms d Activity and sleep patterns are disrupted in the absence of Kiss1 ARH signaling d Kiss1 ARH neurons are a component of circadian thermoregulation In Brief Sex hormones can impact circadian rhythms, but the neural mechanism(s) remains largely unresolved. Padilla et al. demonstrate that sex-hormone-sensitive Kiss1 neurons in the arcuate hypothalamus are a necessary component of circadian rhythms.
INTRODUCTION
In animals, activity is typically segregated into sleep-wake phases that occur on a 24-h cycle. Nocturnal species, such as mice, are awake and active during the night, and if food is available ad libitum, they consume most of their calories during the dark (D). Food consumption outside of this time window correlates with higher body weight [1] . Mice on a high-fat diet are protected from weight gain if feeding is restricted to the D phase but become obese if it is consumed during the light (L) phase, despite matched caloric intake [2, 3] . Eating out of phase with the natural sleep-wake cycle causes metabolic disruptions in both mice and humans alike. For example, people that work night-shifted hours are awake and eat during the body's natural sleep phase and have a higher incidence of metabolic disruptions, including increased body weight [4] . Together, these findings underscore the importance of circadian timing of food consumption as a critical variable that influences body weight homeostasis and suggest interventions to promote weight loss [5] .
In mammals, the biological time-keeping system is orchestrated by master-oscillator cells in the suprachiasmatic nucleus (SCN) of the hypothalamus [6] . These synchronized circadian oscillators are driven by transcriptional-translational feedback loops involving a set of clock genes [7] . SCN cells receive retinal input, which aligns the master clock with the environmental L:D cycle [8] , and the output of the SCN neurons sets the rhythm of oscillators in cells throughout the brain and the rest of the body. The SCN sets the phase of peripheral oscillators in the liver [9] to regulate the expression of hundreds of genes that control metabolic programs, which prioritize catabolic (energyconsuming) metabolism during the wake state versus anabolic (energy-storing) metabolism during the sleep state [10] . The circadian profile of metabolic gene expression is abrogated in mice in which food consumption is not synchronized with the master clock, potentially contributing to weight gain [3] . The mechanism(s) by which the SCN clock entrains peripheral clocks is not well established, but it presumably involves regulation of the autonomic nervous system and hormonal signaling [11] . Either way, signaling from the SCN clock to the effector systems may be modulated by various neural and endocrine inputs to align the sleep-wake cycle with behavioral and physiological oscillations, including rhythms of core body temperature (T b ), hormone levels, feeding, and metabolism.
In the mammalian female, the 24-h orchestration of behavioral and physiological outputs is intertwined with the reproductive estrous cycle and oscillations in ovarian hormone levels. Fertility, pregnancy, and lactation require a substantial investment of energy, and there is reciprocal exchange between neural circuits that regulate energy balance and those that coordinate reproduction to assure that females have enough energy reserves to meet the demands of reproduction. Evidence supports the idea that kisspeptin (Kiss1) signaling is central to this exchange. Kiss1 receptor knockout mice become obese, despite consuming fewer calories than control littermates with intact Kiss1 signaling, and this phenotype is sexually dimorphic, occurring only in females [12] . Furthermore, in the absence of Kiss1 signaling due to conditional ablation of Kiss1-expressing cells from birth, female mice are heavier than controls [13] . There are two populations of Kiss1 neurons in the hypothalamus that play an essential role in reproduction. Kiss1 neurons in rostral periventricular area (R3PV) are positively modulated by estrogen and are believed to drive gonadotropin-releasing hormone (GnRH) neurons and subsequent release of the pre-ovulatory surge of luteinizing hormone from the pituitary [14] [15] [16] . There are fewer of these Kiss1 R3PV neurons in males, further supporting a female-specific role in ovulation [17] . Of note, the pre-ovulatory surge of luteinizing hormone occurs during a narrow time window prior to the active phase [18, 19] , and there is evidence to support that input from the SCN to Kiss1 R3PV neurons is responsible for mediating the time-of-day-dependent surge [20] [21] [22] . Kiss1 neurons in the arcuate nucleus of the hypothalamus (ARH), on the other hand, are negatively regulated by both estrogen and testosterone and are believed to regulate the frequency of pulsatile activity of GnRH neurons in a sex-hormone-dependent fashion [14, [23] [24] [25] . Kiss1 ARH neurons are necessary for fertility and are conserved in both males and females [17, 26] . Kiss1 ARH neurons project their axons to many targets other than GnRH neurons, and beyond reproduction, they are also involved in sex-hormone-mediated thermal regulation [27] [28] [29] . Because Kiss1 ARH neurons relay information to a diverse array of downstream targets, we suspected that they may act to translate gonadal hormone status into multiple behavioral and physiological outcomes. Kiss1 ARH neurons have been shown to make synaptic connections with two well-characterized populations of neurons in the ARH that express agouti-related protein (AgRP) or pro-opiomelanocortin (POMC) and are known to modulate food intake and energy homeostasis, making them an attractive target to consider with respect to gonadal-hormone-sensitive body weight fluctuations [30, 31] . However, there are no data showing that activity of Kiss1 ARH neurons affects food intake or body weight. Here, we used a loss-of-function approach in female mice to chronically silence synaptic transmission from genetically defined Kiss1 ARH neurons to ascertain whether this would affect food intake or body weight. Kiss1 ARH -silenced mice gained weight, but they did not consume more calories than lean controls. Surprisingly, Kiss1 ARH -silenced mice presented a profound shift in the phase of food intake, consuming nearly three times the amount of food as lean controls during the light phase of the circadian day, suggesting that Kiss1 ARH neurons impact circadian function. The experiments described herein were directed toward understanding this unexpected observation.
RESULTS

Kiss1 ARH Neurons Influence the Circadian Phase of Feeding and Body Weight Homeostasis
To investigate the role of Kiss1 ARH neurons on long-term food intake and body weight homeostasis, we permanently silenced them using the light chain of the tetanus toxin (TeTx) [32] [33] [34] [35] [36] . Genetically defined Kiss1 Cre neurons were transduced with a TeTx transgene using stereotaxic delivery of a conditional viral vector, AAV1-DIO-GFP:TeTx. Because TeTx expression does not induce apoptosis, we can visualize TeTx-expressing Kiss1 Cre neurons with the fused GFP reporter ( Figures 1A and S1A ). By 4 weeks after viral delivery, Kiss1 ARH -silenced mice had gained a significant amount of weight compared to controls, injected with AAV1-DIO-YFP, and compared to their starting body weight ( Figure 1B ). After 8 weeks, Kiss1 ARH -silenced mice were $5 g heavier than controls (YFP (n = 15) = 22.85 ± 0.33 g; TeTx (n = 12) = 28.03 ± 1.49 g). The weight gain was accounted for by an increase in fat mass (YFP (n = 8) = 11.3% ± 0.76%; TeTx (n = 8) = 19.7% ± 2.90%) and a modest decrease in lean mass (YFP (n = 8) = 80.3% ± 0.81%; TeTx (n = 8) = 72.9% ± 2.60%). These findings are consistent with the idea that Kiss1 ARH neurons excite anorexigenic POMC neurons and inhibit orexigenic NPY/AgRP neurons [30, 31] . Over time, the loss of input from Kiss1 ARH neurons results in an anabolic shift in metabolism.
Surprisingly, there was no change in cumulative 24-h food intake between controls and Kiss1 ARH -silenced mice; however, we observed a dramatic change in the circadian phase of feeding ( Figure 1C ). The Kiss1 ARH -silenced mice ate significantly less food during the D phase (nocturnal) but compensated with increased food intake during the L phase (diurnal). For this experiment, mice were housed under a 12:12 h L:D cycle and food intake was measured in 15-min bins for 2 weeks. Representative feedograms depict the distribution of food intake (Figures 1D and 1E) . Mice are normally nocturnal and eat during the night. Control mice consumed $80% of calories in the D whereas Kiss1 ARH -silenced mice consumed roughly the same amount of food during the L and D phases ( Figure 1C ). The diurnal shift in feeding could be a factor contributing to increased body weight because rodents gain weight if they are forced to eat out of phase with the light-entrained circadian clock or if the circadian clock is disrupted [1] [2] [3] [37] [38] [39] .
We have previously shown that the conditional viral TeTx transgene is sufficient to functionally silence Cre-expressing neurons [34] . To confirm that Kiss1 ARH neurons are functionally silent, we performed two experiments. First, we anticipated that TeTx-silenced mice would have impaired estrous cycles because Kiss1 ARH neurons are necessary to maintain normal estrous cyclicity and fertility in female rats. YFP controls had an average cycle length of $5 days, whereas the majority of TeTx-silenced mice were acyclic (6 of 9) or had irregular cycles ( Figures 1F, 1G , and S1B-S1D). Second, we anticipated that TeTx-silenced mice would have lower circulating levels of luteinizing hormone (LH) because Kiss1 ARH neurons are involved in the neuroendocrine-mediated release of LH. We collected 10 LH measurements over 45 min and found that the average concentration was $40% less in TeTx-silenced females compared to YFP controls (sampled on diestrus; Figures 1H and 1I ). These data, together with histology demonstrating reporter and transcript expression patterns, are consistent with the idea that TeTx acts to functionally silence Kiss1 neurons in the ARH.
Kiss1 ARH Signaling Promotes Locomotor Activity, Independent of Estrogen Kiss1 ARH -silenced mice gained weight in spite of matched caloric intake, which could also be due to decreased physical activity. To track activity, we gave mice free access to a running wheel and monitored wheel activity with respect to the L:D cycle for at least 15 days. Three weeks after viral transduction, Kiss1 ARH -silenced mice had $4% of the daily wheel activity of controls (wheel turns per 24 h; YFP = 4,242 ± 536.8 versus TeTx = 173.6 ± 68.82; p < 0.0001; Figure 2A ). To visualize the pattern of low-amplitude wheel activity in Kiss1 ARH -silenced mice, we multiplied the wheel counts per 10-min bin by a factor of 25 in the representative actograms to compare them with controls ( Figure 2B ). This dramatic decrease in wheel running by Kiss1 ARH -silenced mice is unexpected because wheel running is a naturally rewarding activity for rodents [40, 41] . Because Kiss1 ARH -silenced mice had reduced running wheel activity, we sought a means to better determine their total physical activity. We tracked home cage activity over several weeks using implanted telemetry transponders. With continuous recording, it was evident that the home cage activity phenotype of Kiss1 ARH -silenced mice developed on a spectrum with respect to time following the viral injection. For $2 weeks shortly after viral injection ( Figure 2C , segment 2), activity patterns were severely disrupted compared to baseline ( Figure 2C , segment 1). Following this transition, activity patterns stabilized and remained relatively constant ( Figure 2C , segment 3). Total locomotor activity after Kiss1 ARH silencing was reduced; mice were 50% less active than before viral transduction (n = 6; segment 1 = 36.05 ± 4.07 versus segment 3 = 16.66 ± 0.82; counts per 24 h 3 10 À3 ; p = 0.003), and this was attributed exclusively to decreased D-phase activity by the Kiss1 ARH -silenced mice (Figure 2D ). Despite the lower D-phase activity, the rest-activity cycle of the TeTx-silenced mice was synchronized to the 24-h L:D cycle (n = 6; period = 1,436 ± 2.39 min). The decrease in overall physical activity likely contributes to the loss of lean mass and increase in body fat.
Locomotor activity may be synchronized to the L:D cycle due to the masking effect of light rather than through entrainment of a circadian clock. To resolve this possibility, we evaluated home cage locomotor activity under constant darkness (D:D or free running). Activity was tracked using infrared beams for at least 15 days ( Figure 3A ). We used chi-square (c 2 ) periodograms to estimate period (t) and also the strength of the activity rhythm as indicated by the % variance explained by the oscillation at the peak period in this test. On average, the period of Kiss1 ARHsilenced mice was not different from controls in D:D ( Figure 3B ; TeTx (n = 5) = 1,437 ± 3.74 min; YFP (n = 7) = 1,431 ± 2.97 min; p = 0.21), although the % variance of the rhythm was significantly weaker ( Figure 3A , lower panels for examples; TeTx (n = 5) = 21.8 ± 5.16; YFP (n = 7) = 42.88 ± 2.70 min; p = 0.0028). Kiss1 ARHsilenced mice were less active compared to YFP controls (TeTx (n = 5) = 77.9 ± 6.4 versus YFP (n = 7) = 110.9 ± 10.0; IR counts per 24 h; p = 0.031), and again, this was attributed exclusively to decreased activity during the subjective night ( Figures 3C and  3D ). Together, these data indicate that Kiss1 ARH neuron signaling promotes physical activity during the D or active phase, and without it, both locomotor and feeding activity are distributed almost equally between L and D phases.
To assess whether decreased locomotor activity of Kiss1 ARHsilenced mice was due to a motor impairment, we performed two tests. First, we scored running velocity and distance traveled during a 10-min test in a novel arena. Kiss1 ARH -silenced mice traveled a shorter distance during the trial than YFP controls (Figure S2A ). Despite suppressed overall activity, Kiss1 ARH -silenced mice ran just as fast as controls in this setting, indicating that motor running ability is intact ( Figure S2B ). Second, we challenged the mice to run and balance on a rotating beam (rotarod) that progressively increased in speed (ramp from 4 to 40 RPM; 2-min trial; 3 trails per day on 3 successive days). Both groups improved their performance over the 3 testing days, and there was no difference in performance between Kiss1 ARH -silenced and YFP controls on first trial of each day ( Figure S2C ). These two tests suggest that Kiss1 ARH -silenced mice can balance and move as quickly as control mice; hence, the decreased home cage and running wheel activity is unlikely due to a gross (B) Average period (t) of home cage free-running locomotor activity comparing YFP-injected controls to Kiss1ARH-silenced females. Student's t test: YFP n = 7, t = 1,431 ± 7.87 min; TeTx n = 5, t = 1,437 ± 8.37 min; t (10) = 1.33; p = 0.21.
(C) Waveform of daily activity. 5-day average was calculated based on the free-running period of each mouse. CT 12:00 was aligned with the onset of activity. We assumed the subjective night to be from CT 12:00 to 0:00 (12 circadian hours). Two-way ANOVA: YFP (n = 7), TeTx (n = 5); F (1, 1,430) = 6.36, p = 0.03 (main effect of TeTx motor impairment but could be due to increased fatigue or decreased motivation to move. Because Kiss1 ARH neurons are important for regulation of GnRH neurons and maintenance of reproductive fitness [23, 25, 26] , we predicted that the virally silenced mice would have low levels of estrogen. Although we did not measure estrogen directly, Kiss1 ARH -silenced mice had significantly reduced uterine weights (a biological indicator of low estrogen level) compared to YFP-injected controls (dissected at diestrus; 25.51 ± 3.89 g versus 40.27 ± 3.92 g; p = 0.020; Student's t test). Importantly, we removed ovarian estrogen by ovariectomy and tested wheel running activity. Ovariectomy did not change the pattern or amount of daily wheel running activity in Kiss1 ARH -silenced females ( Figures S3A-S3C and 2A) . Estrogen is generally arousing; numerous studies have found that ovariectomy results in decreased wheel running locomotor activity [42, 43] . Consistent with this, ovariectomized controls were only $30% as active as gonad-intact controls (Figures S3A, S3C , and 2A). Ovariectomized Kiss1 ARH -silenced mice displayed less home cage locomotor activity compared to ovariectomized YFP controls, similar to that observed in intact Kiss1 ARH -silenced mice ( Figures S3D and 2D ). Also, ovariectomy performed 4 weeks post-TeTx silencing did not change the body weight trajectory of Kiss1 ARH -silenced mice ( Figure S3E ). These studies indicate that the locomotor and body weight phenotype of Kiss1 ARH -silenced mice are independent of ovarian estrogen.
Body temperature (T b ) is under direct circadian regulation and also increases with increased locomotor activity [44] [45] [46] . Under a 12:12 h L:D cycle, T b in mice fluctuates $2.5 C between phases ( Figures 4A and 4B , segment 1) [47] . Given that home cage locomotor activity was reduced by $2-fold during the D phase following Kiss1 ARH silencing, we reasoned that this would result in lower D-phase T b . Telemetry recordings (as shown in Figure 2 ) simultaneously tracked consecutive days of both activity and temperature. A representative T b trace from a single mouse is shown in Figure 4A . As anticipated, the average T b waveform (n = 6; Figure 4B ) almost completely paralleled home cage activity waveforms presented in Figure 2D (same cohort of mice, before and after comparisons). After Kiss1 ARH silencing, female mice had a significant decrease in the daily amplitude of Tb (paired t test of cosinor amplitudes t (5) = 12.02: baseline = 1.08 C ± 0.09 C; TeTx = 0.72 C ± 0.09 C; p < 0.0001). We evaluated the circadian contribution to the daily T b oscillation by plotting temperature as a function of activity. Combined analysis of temperature and activity demonstrated that temperature rises within $10 min of activity bouts ( Figure S4 ). Therefore, we used the sum of activity within a 10-min bin as a predictor of the T b value at the end of this interval. Equivalent activity levels corresponded with lower T b values during the L compared to D phase, reflecting a clear circadian contribution to the T b rhythm, independent of activity ( Figure 4C, baseline) . Surprisingly, activity-independent changes in T b were almost completely absent after Kiss1 ARH silencing (Figure 4C, TeTx) . We rendered a trend line for this observation by ranking activity into 10 defined ranks ( Figure 4D ; described in STAR Methods). Average T b within an activity rank was used as a single data point for each animal (n = 6) in both the L and D phases. We attributed the difference between temperature values in the D versus L phase as the activity-independent contribution to T b fluctuations ( Figure 4E ). These data indicate that the reduced amplitude in the daily oscillation of T b after TeTx treatment does not represent a sole biproduct of reduced activity levels but also the direct effect of Kiss1 ARH silencing on the circadian regulation of temperature.
Kiss1 ARH Signaling Is Necessary for Wakefulness during the Night
The Tb and activity rhythm changes along with the diurnal shift in feeding suggest that Kiss1 ARH silencing may also affect sleep timing. We implanted electrocorticographic recording electrodes on the cortex along with leads into the dorsal neck to simultaneously monitor brain and muscle activity. Mice were habituated to recording wires, and baseline sleep was recorded for 48 h in L:D conditions. We predicted that Kiss1 ARH -silenced mice would be awake more during the L phase, corresponding with shifted feeding, and that they may compensate for this by sleeping more during the D phase. Similar to feeding patterns, cumulative sleep-wake time over a 24-h period was not different between Kiss1 ARH -silenced and control mice ( Figure 5A ), but the distribution of sleep and wake in the L:D phases was shifted in Kiss1 ARH -silenced mice. The average waveform of percent time spent awake demonstrates this shift in Kiss1 ARH -silenced mice ( Figure 5B, left) . During the L phase, Kiss1 ARH -silenced mice were awake for $1 h longer than YFP controls but compensated for this by sleeping more during the D phase ( Figures 5C  and 5B, right) . The increase in D-phase sleep was attributed predominantly to slow-wave non-REM (NREM) sleep. We did not detect a change in REM sleep ( Figure 5D ). In the D phase, epochs of total sleep (NREM and REM) were significantly longer in Kiss1 ARH -silenced versus YFP-injected control mice (mixed effects survival model with log rank multiple comparisons: YFP n = 5; TeTx n = 8; p < 0.001), and wake epochs were significantly shorter (p = 0.017). There was no difference in the length of sleep-wake epochs during the L phase (sleep p = 0.25; wake p = 0.57). Nocturnal mice sleep predominantly during the L phase and are awake during the D phase. Upon Kiss1 ARH silencing, there is a shift in distribution sleep-wake, making them less nocturnal, a trend that mimics the diurnal shift in feeding behavior (Figure 1 ).
Kiss1 ARH Signaling Does Not Affect Expression of the SCN Clock
Arrhythmic feeding, decreased amplitude rhythms of activity and temperature, and a shift in the timing of sleep stages are consistent with a potential deficit of the master circadian clock in the SCN. Time-keeping properties of cells in the SCN are largely driven by autonomous transcription-translation feedback loops of clock genes [7] . We measured Per1 expression in the SCN at zeitgeber time 8 (ZT8) (anticipated peak levels) and ZT16 (anticipated trough levels), with ZT12 being the time lights turn off. There was no difference between Per1 expression in the SCN of Kiss1 ARH -silenced and control mice ( Figures 6A and  6B ). To evaluate regionally distinct cell groups, we determined the volume of Per1 expression along the rostral-caudal and medial-lateral extent of the nucleus ( Figure S5 ). There was no difference of pixel staining throughout the nucleus. Because Per1 expression in the SCN can be influenced by environmental light and these animals were housed in L:D, our results may not represent endogenous rhythm of the master clock but rather reflect changes in the light cycle [48] . We designed an experiment to monitor SCN clock-gene expression under D:D conditions using ex vivo SCN cultures from Per2 luc reporter mice. Kiss1 Cre mice were crossed to the Per2 luc reporter line, and Kiss1 ARH neurons were silenced with the TeTx or injected with a control virus as before ( Figure 1A ). Mice were housed in D:D conditions for at least 10 days and then the SCN was extracted between circadian time (CT) 10 and 11, and luminescence was tracked for 6 days. Representative traces of bioluminescence in the SCN are shown for cultured tissue from YFP and Kiss1 ARH -silenced mice ( Figure 6C ). There was no difference in the circadian period or amplitude of Per2-driven luciferase rhythm in Kiss1 ARHsilenced cultures compared to control cultures (Figures 6D and  6E) . Overall, our results support that Kiss1 ARH silencing does not cause an overt change in clock gene expression (Per1 or Per2) in the SCN. Our methods to monitor clock gene expression were not quantitative at the single-cell level, and therefore, we cannot rule out the possibility that Kiss1 ARH signaling may influence a small subset of SCN time-keeping cells. Kiss1 ARH -silenced mice show dysregulation of the circadian rhythms of feeding, sleep, and T b without changes in overall circadian expression of clock genes in the SCN. This result is consistent with the notion that Kiss1 ARH neurons may regulate downstream targets of the SCN to influence the circadian outputs. To get a sense of this possibility, we traced the afferent projections of Kiss1 ARH neurons by delivering a conditional virus containing synaptophysin fused to mCherry, AAV1-DIO-Syn:mCherry, into the ARH of Kiss1 Cre mice (Figure 6F) . We detected very few Kiss1 ARH fibers in the SCN but identified fibers in the dorsal medial hypothalamus (DMH) and dense projections to the subparaventricular zone (SPZ) dorsal to the SCN ( Figure 6G ). These data are consistent with previous tracing studies of Kiss1 ARH neurons [27] . Interestingly, the DMH and SPZ are downstream relays of the SCN that have been implicated in the circadian regulation of sleep, temperature, and locomotor activity [49] [50] [51] . Immunoreactive arginine vasopressin (AVP) and vasoactive intestinal polypeptide (VIP) fibers nicely demonstrate projections from the SCN to the SPZ [52] . We show Kiss1 ARH fibers are intermingled with AVP and VIP fibers in the SPZ ( Figure S6 ). Our tracing studies support the notion that Kiss1 ARH neurons have sparse terminals within the SCN but communicate with numerous brain regions downstream of the SCN.
DISCUSSION
To meet the demands of reproduction, neural circuits in female mammals coordinate energy balance and reproductive events. Recent evidence supports the possibility that Kiss1 ARH neurons are central to this exchange. Kiss1 ARH neurons are a critical component of the neuroendocrine reproductive axis [26] , and they communicate information to and from neurons that regulate energy homeostasis. Kiss1 ARH neurons are inhibited by orexigenic AgRP neurons in a leptin-dependent manner, likely as a means to gate fertility when energy reserves are low [53, 54] . Conversely, Kiss1 ARH neurons feedback to inhibit AgRP neurons while exciting anorexigenic POMC neurons [30, 31] . Under this scenario, the reproductive state can influence food intake and body weight, likely to assure that sufficient energy is available for reproductive fitness. We hypothesized that chronic silencing of Kiss1 ARH neurons would result in increased food intake and weight gain due to the loss of inhibitory tone onto AgRP neurons along with the loss of excitatory tone onto POMC neurons. Kiss1 ARH -silenced mice indeed gained a significant amount of weight and were >20% heavier than controls by 8 weeks, but surprisingly, this weight gain was not attributed to increased caloric consumption. Rather, Kiss1 ARH -silenced female mice were less active and shifted the 24-h timing of feeding and sleep. In the D, Kiss1 ARH -silenced mice were less active, ate less, and slept more than control mice. The gain in sleep and decrease feeding during the night were recovered during the L phase, leading to the same amount of food consumption and sleep over a 24-h period in Kiss1 ARH -silenced mice compared to controls. These results indicate that the role of Kiss1 ARH neurons in the regulation of female metabolism is not simply to determine the amount of food intake but that these cells are also part of the hypothalamic circuitry that times feeding and sleep throughout the day. The arcuate nucleus contains a circadian oscillator [55] , and several studies have identified reciprocal synaptic connections between cells in the ARH and the SCN or SCN targets [55] [56] [57] [58] [59] . It is likely that Kiss1 ARH neurons are not the sole ARH cells that receive information from the SCN. Others have described a role for both leptin-sensitive and Nyp-expressing ARH neurons in locomotor activity rhythms [60, 61] . Our results are consistent with a model in which Kiss1 ARH neurons are another key component of an ARH circadian clock that interacts with the hypothalamic circadian circuitry to modulate the amplitude and phase of the rhythms of locomotor activity, sleep, T b , and feeding. Previous studies have used a variety of techniques to study the necessity of Kiss1 signaling, though none have been specific to Kiss1 ARH neurons. Aside from Kiss1 ARH neurons, there are other anatomically distinct Kiss1-expressing cells throughout the brain and in the periphery [62, 63] . Kiss1 receptor knockout female, but not male, mice are obese despite consuming less calories than controls [12] . Our results suggest that this phenotype in global Kiss1r knockout mice could be due to impairment of signaling by Kiss1 ARH neurons to their targets. Of note, Kiss1r knockout females did not show phase-shifted feeding patterns. Kiss1 ARH neurons co-express Kiss1, dynorphin, neurokinin B, and glutamate [64] [65] [66] . The effects that we observe on the timing of feeding in Kiss1 ARH -silenced mice could be due to the lack of release of any of these transmitters. Also, it is possible that Kiss1 signaling from distinct populations contribute to unique functions, which might be masked in the global receptor knockout. Importantly, Kiss1r knockout mice lack Kiss1 signaling from birth and may develop compensatory adaptations, as has been demonstrated in other hypothalamic cell types, such as AgRP neurons [67] . With the goal of studying the influence of Kiss1 neurons on reproduction, one study used a toxin-mediated approach to induce apoptosis in all Kiss1-expressing cells of mice either from birth or induced in adulthood [13] . There was a marginal increase in body weight of females lacking all Kiss1 neurons from birth. The authors did not comment on the circadian activity, temperature, or body weight of animals following adult-induced ablation. The Rance laboratory developed a method to ablate Tacr3-expressing cells in anatomically specific brain regions, using a conjugated saporin toxin [68] . This was used as a method to target Kiss1 ARH neurons, because they co-express Tacr3 [65] . Ablation of Tacr3expressing neurons in the ARH (Tacr3 ARH ) was sufficient to prevent ovariectomized-induced weight gain in female rats [68] . In contrast, we observed that silencing Kiss1 ARH neurons resulted in weight gain compared to controls and was not altered by ovariectomy. Also, unlike Tacr3 ARH -ablated rats, we found a significant reduction in the amplitude of T b following Kiss1 ARH silencing. Importantly, most Kiss1 ARH neurons express Tacr3; however, Tacr3 does not appear to be specific to Kiss1 ARH neurons and the strategy may ablate non-Kiss1 ARH neurons [65] .
A recent study in rats found that severing axonal connections between the SCN and ARH profoundly suppressed both locomotor and T b amplitude without affecting clockgene expression within the SCN [69] . Similarly, clock-gene expression was not affected in Kiss1 ARH -silenced mice in our study. Together, these results suggest that Kiss1 ARH neurons do not directly regulate the circadian molecular machinery of SCN cells but instead regulate SCN input to its targets either by axo-axonal connections to SCN efferents or through converging input to neurons innervated by the SCN. Accordingly, we did not detect direct Kiss1 ARH projections to the SCN but identified dense projections from Kiss1 ARH neurons to the SPZ and DMH, both SCN targets that have been implicated in the regulation of circadian rhythms in locomotor activity, temperature, and sleep [50, 51] .
We show that Kiss1 ARH neurons are a necessary component of circadian T b fluctuations. This is an exciting finding because of work supporting the idea that circadian T b fluctuations provide a master-clock-driven cue to entrain (or synchronize) peripheral oscillators throughout the brain and body [11, 70] . Kiss1 ARH neurons may therefore orchestrate circadian outcomes via thermoregulation. Previously, we and others have shown that Kiss1 ARH neurons are involved in sex-hormone-mediated thermoregulation via neurokinin B signaling to heat-effector cells in the preoptic area of the hypothalamus [27] [28] [29] . It is possible that this same relay is involved in the circadian regulation of Tb and that it can either be triggered by time-of-day or sex-hormone cues controlling the activity of Kiss1 ARH neurons.
Because Kiss1 ARH neurons are controlled by both gonadal hormones and energy status, they may offer insights into sexand nutrient-mediated circadian disruptions. The activity of Kiss1 ARH neurons, as measured by Fos and the expression of both Kiss1 and Tac2 mRNAs within these neurons, is negatively regulated by both estrogen and testosterone [14, 17, [71] [72] [73] . In females, many circadian rhythms are influenced by the estrogen state. Rodents demonstrate a phase advance in locomotor activity on the day of estrus and a shortened free-running period when administered a chronic high dose of estrogen [74] . In the absence of ovarian estrogen, female rodents are less active on a free-access running wheel [42, 43, 75] . The daily oscillation of T b also shows distinct changes throughout the estrous cycle and pregnancy [47, 76, 77] . Sleep architecture is also influenced by estrogen state. In humans, NREM slow-wave sleep has a menstrual rhythm with higher percent (of total sleep) during the luteal phase compared with the follicular phase of the estrous cycle [76, 78] . Female mice sleep less during the night of proestrus, when estrogen is high [79] . Importantly, the SCN does not directly sense estrogen [80] ; thus, Kiss1 ARH neurons may provide a means by which sex hormones can influence the SCN clockmediated functions. Aside from sex hormones, Kiss1 ARH neuron activity is also regulated by energy status via synaptic input from AgRP neurons, a connection that serves to gate fertility when energy balance is low [53] . AgRP neurons are activated during chronic caloric restriction, such as in anorexia nervosa, and patients suffering from anorexia have comorbid sleep disruptions [81] . Anorexia may therefore mimic the sleep profile that we observe in Kiss1 ARH -silenced mice. In summary, Kiss1 ARH neurons in females are at a nodal position to integrate reproductive and energy status. Our results suggest that they also represent a key source of circadian activation-inhibition that modulates the timing of physiological and behavioral processes. Contemporary tools provide a means to gain control of and manipulate genetically defined Kiss1 neurons in a reversible fashion. Phase-specific manipulation of Kiss1 ARH neurons in the context of specific hormone or nutrient states is an exciting arena for future work.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: indicates the onset of the rest phase in constant darkness. We used two mouse transgenic mouse lines in this manuscript. 1) Kiss1 Cre:GFP (version 2 with attenuated Cre expression, referred to as Kiss1 Cre ) knock-in mice that were generated in our lab and previously characterized [29] . Homozygous Kiss1 Cre/Cre mice are infertile and hence we used heterozygous breeders and heterozygous Kiss1 Cre/+ mice for all experiments in this manuscript. 2) Per2 luc transgenic knock-in mice were engineered to express the luciferase reporter as a fusion protein with the functional Per2 clock gene [9] . These mice were generously given to us by the laboratory of Dr. Ethan Burh at the University of Washington.
METHOD DETAILS
Viruses and stereotactic injections Kiss1 Cre mice received bilateral injections of an adeno-associated virus (AAV, serotype 1) containing a conditional transgene.
The following viruses were prepared at the University of Washington [82] : AAV1-CBA-DIO-GFP:TeTx, AAV1-Ef1a-DIO-YFP, AAV1-Ef1a-DIO-Synaptophysin:mCh, AAV1-Ef1a-DIO-Synaptophysin:GFP. 500 nL of virus was injected at a working concentration of $10 9 particles/ml to each hemisphere of the arcuate nucleus of the hypothalamus. Targeted injections were performed aseptically, while head-fixed on a stereotaxic device and anesthetized with 2% isoflurane/O 2 . Our injection coordinates for the ARH were: À1.25 mm (bregma), À5.8 mm (ventral), ± 0.3 mm (lateral). Viruses were loaded into pulled glass capillary needles that were backfilled with biologically inert Perfluro-compound (FC-770) and administered using a Nanoject ii (Drummond Scientific) that was fit to the stereotaxic frame.
Activity
Wheel-running Wheel turns were monitored by two opposing magnetic sensors on the home-cage running wheel. Sensor counts were tracked with AltiMetrics ClockLab (Wilmette, IL). Home cage activity and body temperature Home-cage activity was monitored by either infrared beam (IR) breaks or telemetry with an implanted intraperitoneal transponder and corresponding receiver. We used two methods of IR tracking. 1) Columbus Instruments, Opto-Max Activity Meter ( Figure S3D ). The home cage was placed between 4 external sensors. Recordings started after 6 h of habituation to the room and environment and activity was gathered for 48 h. Data were gathered with Opto-Max software and raw activity values were exported and processed in Excel. 2) A small motion detector (RS components, Gardtec Gardscan QX detector, CCCN 85311030) was placed in the animal's home cage and connected to Altmetrics Clocklab to record beam breaks ( Figure 3 ). Telemetry recordings were performed using Starr's G2 E-mitter Telemetry system. Following surgical implantation of the transponder, animals recovered for at least 2 wk prior to recording. The home cage was placed on an ER4000 receiver and both activity and T b was measured every minute (counts tracked with VitalView). 20-min T b averages were calculated for 3 successive days and used to construct 24h T b waveforms ( Figure 4B ). To assess the effect of activity-generated heat on T b we analyzed each single T b value as a function of the sum of activity 10 min prior to this time point. Three d of T b and activity values are plotted in Figure 4C and divided into light and dark phases. To determine the circadian contribution to the daily T b oscillations, activity values were binned into a rank order ( Figure 4D x axis: 1 = 0-49, 2 = 50-149, 3 = 150-249, 4 = 250-349, 5 = 350-449, 6 = 450-549, 7 = 550-649, 8 = 650-749, 9 = 750-849, 10 = 850-949 units of activity). For each animal, we calculated the average Tb within each activity rank so that each animal generated a single T b value per rank point; Figure 4D shows the mean ± SEM for all the animals. We subtracted the T b values at each rank point within the indicated square (rank points 2-7) between the light and dark phases. This was done for each animal individually, before and after TeTx, and the averaged difference values are compared in Figure 4E .
Raw data were converted into double-plotted actograms using El Temps software, or processed and binned in Excel and plotted using Prism software (Graphpad). El Temps was used for Cosinor analysis. Rotarod Latency to fall from a rotating rod (Rotamex 4/8, Columbus Instruments) was assessed over 3 consecutive days with three trails per day. Daily trails were performed during the light phase and had an ITI of 20 min. The rod accelerated from 4-40 RPM over a 2-min trial [83] . Open field Mice were positioned facing the wall of a novel cylindrical arena (56 inches in diameter). Locomotor movement was videotaped (10-min trial during the light phase). Trace measurements of distance and velocity were determined by Noldus EthoVision [84] .
Feeding BioDAQ food monitoring system was used to track feeding patterns. Feeding counts were tracked with DataViewer software. Feedograms were constructed from the raw data using El Temps software.
